Cardiovascular disease is the leading cause of death in developed countries and is one of the leading causes of disease burden in developing countries. Therapies have markedly increased survival in several categories of patients, nonetheless mortality still remains high. For this reason high hopes are associated with recent developments in stem cell biology and regenerative medicine that promise to replace damaged or lost cardiac muscle with healthy tissue, and thus to dramatically improve the quality of life and survival in patients with various cardiomyopathies.
The promises of cell therapy for heart diseases
Cardiovascular disease is the leading cause of death in developed countries and is one of the leading causes of disease burden in developing countries [1, 2] , severely affecting quality of life and decreasing life expectancy. It is a consequence of ischemic and nonischemic cardiomyopathies, usually associated with left ventricular dysfunction. A rising heart failure incidence is associated with unhealthy lifestyles and increasing population age. Current therapies are essentially symp-tomatic and, even though they provide some survival benefit, they cannot reverse the loss of contractile cardiac tissue due to ischemic injury.
For this reason high hopes are associated with the recent developments in stem cell biology and regenerative medicine that promise to replace damaged or lost cardiac muscle with healthy tissue, and thus to dramatically improve the quality of life and survival in patients with various cardiomyopathies.
Until a few years ago, this was considered impossible, as the heart was thought to be an organ composed of terminally differentiated myocytes incapable of regeneration. Indeed, this can still be hard to believe based on everyday experience, which indicates a grossly inadequate regenerative capacity of human myocardium to compensate for the loss of heart muscle presented by myocardial infarction or other myocardial diseases.
However, evidence creates the general consensus that transplantation of progenitor cells of different origin can theoretically improve ventricular function after injury [3] , although whether or not current in vitro and animal studies provide enough evidence to warrant clinical trials is hotly debated.
Much of our insight into the molecular and cellular basis of cardiovascular biology comes from small animal models, particularly mice. However, significant differences exist with regard to several cardiac characteristics when mice are compared with humans [4] .
An important parameter is heart rate, with an adult mouse heart beating 500 -600 times per minute, compared with the 60 -100 times typical of the human. This extends to other functional parameters summarized in Table 1 .
Apart from size, human and murine hearts differ in coronary architecture, the variations of which are much bigger in humans compared with mice. As a consequence, whereas the size and location of the ischemic area are fairly constant in the mouse, a much larger variation exists in the human [5] . Differences can also be appreciated at the cellular level, as indicated by the higher capillary density observed in the mouse than in the human heart and by the larger cross sectional area of the myocytes in the human than in the mouse [6, 7] .
Important differences continue at the molecular level: humans have a high level of ␤-myosin heavy chain isoform, whereas mice have a high level of the ␣-myosin heavy chain isoform compared with the total myofibrillar myosin protein in the ventricles [8, 9] . This, in turn suggests a possible difference in the mechanical behavior of the myocardium between the two species [10] .
Consequently, extrapolation of murine systems, particularly after induction of cardiovascular stress, has some obvious limits that can be crucial the closer it gets to a clinical application.
Therefore, it is generally acknowledged that large animal models, which more closely approximate human physiology, function and anatomy, are essential to develop the discoveries from murine models into clinical therapies and interventions for heart therapies [4] .
Here we review the advantages and limitations of using large animal models when attempting to bridge the gap between new basic science discoveries in stem cell research and their translation into new clinical treatments.
Which animal for which pathology?
We have briefly mentioned that human and mouse heart present some important differences but it must be said that the so called large animal models are an heterogeneous group and, as such, there is no single perfect animal model (Table 1) .
Dogs are becoming an increasingly popular model due to their behavior and ease of handling. Investigations on myocardial ischemia and infarction have historically relied on observations performed on adult dogs, leading to the identification of fundamental parameters such as the time course to myocite irreversible injury with increasing period of ischemia moving from endocardium towards the epicardium [11] . Research on dogs built the foundation on which current reperfusion treatment guidelines for acute coronary syndromes were developed and provided proof of concept for thrombolytic therapy. Physiological similarities with humans extend to the endocrine system enabling the study of the cardioprotective effect of drugs modulating the renin-angiotensin pathway [12] . However relation between heart size and body weight in the dog compared to human is almost twice and, on the other hand, Table 1 Comparison of indicative anatomy and physiology data between human and the most common heart disease animal models
Species
Heart weight Heart rate/ min dog heart has a collateral coronary circulation approximately four times more extended than that of man, making it difficult to obtain a consistent degree of myocardial injury following experimental ischemia and to reliably extrapolate to human the post-infarction course observed in dogs [13] . Pig seems to differ from man in its predisposition for refractory arrhythmogenesis, providing an altered response to myocardial infarction, although methods are available to reduce the impact of this issue [14] .
When it comes to heart vascularisation, detailed anatomical studies show that the pig is by far the best model. In fact not only the coronary anatomy but even the poor subendocardial to epicardial collateral network of the swine heart are very similar to that of humans [15] . Minor differences have only been described in the septal arteries: the anterior ones provide most of the irroration in man, whereas in the porcine heart, anterior and posterior arteries share the septal ventricular vascularisation almost equally [16] . Most of the pig studies have been performed using ameroid constrictors leading to a progressive coronary stenosis with late occlusion with consequent myocardial ischemia and ventricular dysfunction, but heart failure could be produced only by using acute coronary occlusion. Such extensive similarities allowed us to perform studies that evaluated the re-establishment of stable collateral networks and improved myocardial perfusion in response to the administration of angiogenic growth factors [17] .
When postinfarction congestive heart failure is to be studied, the sheep is a better model because lack of collateral blood flow to the infarcted area, maintenance of normal blood flow to uninfarcted areas, and the moderate size of the infarcted myocardium allow us to faithfully reproduce the three major clinical causes of this pathology [18] . This has greatly contributed to the understanding of differing outcomes dependent on specific locations of MI creation [19] . Limitations of working with sheep, being ruminants, derive from their gastrointestinal anatomy and thoracic contours that are substantially different from those of monogastric species. This can make certain imaging approaches difficult, specifically ultrasonic imaging that requires an invasive approach as opposed to transthoracic imaging applicable to other models.
The many stem cells available for heart regeneration
A distinct characteristic of cardiogenic stem cells is that they can be either endogenous or derive from outside the heart itself, can originate as the natural course of their differentiation programme (e.g., embryonic stem cells) or can be the result of specific inductive conditions (e.g., mesenchymal stem cells). Why so many cell types have a cardiogenic potential, at least in vitro, is not clear. This can reflect the requirement for a specific precursor of each of the cell types that are found in the heart including cardiomyocytes, endothelial cells, smooth muscle cells, conduction system cells as well as neurons, or it can simply mimic the process of cardiac differentiation, where a variety of progenitor cells contribute to new cardiac tissue at different stages of embryonic development.
The following are the better characterized cardiac exogenous progenitor cells. Mesenchymal stem cells (MSC) are mainly found in the bone marrow stroma and in adipose tissue, are multipotent, can be easily amplified in culture and differentiate efficiently into different cell types including adipocytes, chondrocytes, osteoblasts and endothelial cells [20] . Despite the fact that they differentiate into contracting cardiomyocytes with low efficiency, MSC administration leads to a significant functional improvement and to a lower mortality rate in a canine model of AMI [21] . However, the ability of MSCs to transdifferentiate into cardiomyocytes is highly controversial [22] and their beneficial effect is thought to derive mainly from their influence on neovascularization of the ischemic tissue and their protection of resident cells [23] . This property, together with their low immunogenicity [24] , make MSCs an efficient cellular vehicle for delivering therapeutic substances to the myocardial lesion [25] , promoting their use in allogeneic recipients as well.
Skeletal myoblasts, or satellite cells, are the endogenous stem cell population that efficiently maintains homeostasis in skeletal muscle [26] ; they are easy to isolate and propagate in vitro. The similarity between skeletal and cardiac muscle cells suggests that satellite cells should be able to switch towards a cardiomyocyte fate once inside the ventricular tissue. However, even if the administration of satellite cells brings the formation of contracting cells, these largely fail to form intercalated disks and appropriate gap junctions with resident cardiomyocytes [27] , often causing serious arrhythmias [28] .
Bone marrow-derived progenitor cells (BMPCs) are a heterogeneous mixture that comprises endothelial progenitor cells, mononuclear bone marrow cells and CD34-positive cells. BMPCs have been administered to patients affected by acute myocardial infarction or chronic ischemic heart failure with positive effects on cardiac function and documented safety of this thera-peutic approach [29] . These cells constitute an appealing source of cardiac precursors because they can be easily collected from bone marrow aspirates or from the peripheral blood. However, BMPCs plasticity and their ability to acquire the cardiomyocyte lineage after infarction is still controversial [30] .
Embryonic stem cells (ESC) and, more recently, induced Pluripotent Stem cells (iPS) have been shown to be able to differentiate in vitro into genuine cardiomyocytes and supportive cardiac cells [31, 32] as well as to integrate into heart tissue, improving cardiac function [33, 34] . However, ESC and iPS also have disadvantages that may limit their use in clinical settings. Possibly the most serious is their propensity to develop teratomas, tumors that contain a variety of different tissues [35] . Furthermore ES/iPS cells differentiate into heterogeneous populations, where cardiac cells represent approximately 1%. It is therefore necessary to improve this efficiency and to obtain heart specialized cell types, such as ventricular and atrial myocytes, or pacemaker and conduction system cells [36] . Finally, grafted ESC form a syncytium but usually become separated from the myocardium by a layer of fibrotic tissue. This prevents a proper electrical coupling, and is a major risk factor for arrhythmias [37] . Most of these limitations, however, could be overcome by the recently reported derivation of induced cardiomyocytes (iCM) [38] . These new cells were obtained by transfecting postnatal cardiac fibroblasts (the most common cell type in the heart) with a combination of three developmental transcription factors (i.e., Gata4, Mef2c and Tbx5). Induced cardiomyocytes express cardiacspecific markers, have a global gene expression profile similar to cardiomyocytes and contract spontaneously. Since the reprogramming protocol does not involve, in this instance, a pluripotent embryonic-like status, these cells should not have the propensity to develop teratomas. Furthermore, should it be possible to reprogram the heart fibroblasts in situ, the functional integration of the newly generated cardiomyocytes will be greatly enhanced.
The heart has always been considered a terminally differentiated postmitotic organ, but recent studies demonstrated that cardiac homeostasis is maintained by a local cell population known as resident cardiac stem cells (CSCs) [39] confirming in mammals what was already known in teleost fish and amphibians, where heart regeneration is a much more evident phenomena [40] . As mentioned above, CSCs are also a heterogeneous group composed of different members mostly lacking unequivocal markers for their identification.
Side population (SP) cells are a typical example, being identified by their inability to take up staining by the vital dyes Hoechst 3342 and rhodamine 123. SP cells are multipotent and have been identified not only in the heart but also in the bone marrow, skeletal muscle and adipose tissue [41] . Following a myocardial infarction, the number of SP cells in the mouse heart increases through proliferation of resident SP cells, as well as homing of BM-derived SP cells [42] .
Cells positive to c-Kit surface antigen are located in small clusters within the ventricles and atria of the adult heart and, when transplanted in an injured cardiac tissue, differentiate into cardiomyocytes, endothelial cells and smooth muscle cells [43, 44] . CSCs also include cells expressing stem cell antigen 1 (SCA-1) but not c-Kit, a rare cell population SCA-1 ϩ /cKit ϩ as well as another Sca-1 ϩ /CD31 ϩ cell type. Cells derived from the secondary heart field during embryonic development persist, in small numbers, in the adult organ and are marked by the expression of Isl1. Isl1 ϩ cells can give rise to cardiomyocytes, smooth muscle and endothelial cells [45] .
CSCs are derived from small heart biopsies through a delicate enzymatic digestion that releases round cells which in turn form round bodies in suspension culture, called cardiospheres. Upon transplantation into damaged heart tissue, these cells differentiate into vascular and cardiac cells and exert positive paracrine effects [46] .
Finally, both endothelial [47] and epicardial [48] cells become activated after injury and give rise to cardiac, vascular and myofibroblast/smooth muscle cells resuming their capacity during development.
Which cardiac stem cells are available in large animal models, and do they actually work?
After having described the morphological and functional similarities that make large animal models a well established and useful tool in cardiac research, and having described the different kind of cardiogenic stem cells, we now summarize which cells are available in the different species (Fig. 1) .
Rabbit was one of the first species used to investigate the possibility of myocardial tissue regeneration. Early work tested the use of autologous transplantation of skeletal myoblasts (satellite cells) and observed the capacity of these cells to partially restore the function of damaged tissue [49, 50] . More recently, rabbit has been used to investigate bone marrow-derived stem cells (BMCs). Results indicated that autologous BMCs improve global contractility and enhance myocardial remote capillary density and collagen content even if BMCs failed to transdifferentiate into new cardiomyocytes [51] . A more specialized cell population, bone marrow mononuclear cells (BMMNCs), has also been derived in rabbit, and used for intracoronary injection resulting in a substantial delay of collagen metabolism and a decrease of the myocardial collagen volume fraction [52] . Rabbit MSCs are also available and provide an effective improvement of cardiac function [53] .
Dog cardiac stem cells are available from different sources. Furthermore, in this species skeletal muscle satellite cells were one of the first cell types to be isolated and tested for their capacity to regenerate damaged myocardial tissue providing proof of principle studies on the safety and efficacy of this method [54, 55] .
One of the most investigated cell type is the bone marrow-derived MSC that has the important advantage of eliciting a very mild immune response and can therefore be used in heterologous transplants with no need of immunosuppressive treatments [21] . Dog MSCs can also undergo cardiomyogenic specification by ex vivo pre-treatment with specific growth factors, thus improving their regenerative properties [56] . These cells have positive effects when administered after both an acute or chronic myocardial ischaemia [21, 57] .
Very recent data demonstrate that it is possible to derive dog endothelial progenitor cells and, thanks to the anatomical similarities described above, it was possible to demonstrate that these cells can also be administered effectively following subendocardial injections, a clinically more practical route of administration [58] .
The dog heart also possesses an endogenous cardiac stem cell (CSC) pool characterized by undifferentiated cells that are self-renewing, clonogenic and multipotent [59] . As described for the corresponding human cells [43] canine CSCs express c-kit, MDR1, and Sca-1-like antigens suggesting that results obtained in the dog are likely to be relevant to man. Dog CSCs can also form three-dimensional cell aggregates, so called cardiospheres, whose regenerative properties are currently under investigation [60] .
Sheep mesenchymal stem cells can be easily derived as in other large animal models [61] . In this species the perivascular STRO-3 positive mesenchymal precursor cells (MPCs), a small fraction of mesenchymal stem cells that demonstrate an extensive capacity for proliferation and differentiation, have also been identified and tested for their regenerative properties [62] .
Sheep is often used to study the possibility to use MSC for cardiac valve regeneration in association with bioabsorbable valved patches [63, 64] . Bone marrow mononuclear cells (BMMC) have been used to create in vitro tissue-engineered heart valves based on a decellularized porcine scaffold then tested in autologous transplantats [65] . Endothelial progenitor cells (EPCs) have also been used as a cell source for the creation of tissue-engineered heart valves in sheep [66] .
Skeletal myoblast can be derived and propagated in vitro in sheep as described in other species and large areas of grafted cells can be found within the myocardial lesion, however the cells maintain the histological features of well-differentiated skeletal muscle cells [67] .
Pig cardiogenic stem cells are the most studied. In this species all sort of bone marrow-derived stem cells are currently available. These include BM-derived mononuclear cells (BM-MNCs) [68 -70] , peripheral blood mononuclear cells (PB-MNCs) [71, 72] and BMderived mesenchymal stem cells [73] . Bone marrowderived MSC have been magnetically labeled in order to develop non-invasive methods for studying the engraftment based on magnetic resonance imaging (MRI) [74, 75] . Pig MSC were used also to explore new delivery methods like a patch of a fibrin matrix seeded with autologous cells [76] . As it was observed in other species, pig MSCs can be prepared from an allogeneic donor without being rejected, confirming that these cells have a major practical advantage for their widespread application in a clinical setting [77] and are also being tested for proving the safety of an "off-the-shelf" cellular cardiomyoplasty strategy [78] . In addition, direct intramyocardial injection of MSCs results in successful engraftment and differentiation into cardiomyocytes and endothelial cells and preserves left ventricular function in acute [79] and chronic myocardial lesions [80] .
Cardiogenic stem cells have been derived from pig adipose tissue (ADSCs) and can engraft in the infarcted region 4 weeks after transcatheter intracoronary cell transplantation improving cardiac function and perfusion via angiogenesis with an efficiency comparable to that of bone marrow-derived stem cells [81] .
Pig amniotic fluid-derived mesenchymal cells (AFC) are also available. However, when autotransplanted in a porcine model of acute myocardial infarction, AFC are able to transdifferentiate to cells of vascular cell lineages but not to cardiomyocytes [82] .
Resident cardiac stem cells (CSC) can be derived from pig endomyocardial specimens. When pig CSCs are grown in primary culture they form cardiospheres that can be plated to obtain cardiosphere-derived cells (CDCs). CDCs are cardiogenic in vitro as indicated by spontaneous intracellular calcium transients and action potentials as well as fast, inward sodium currents, however, cardiospheres and CDCs do not spontaneously contract [46] .
We have recently isolated a different type of CSC, the cardiac mesoangioblasts (MABs), from atrium and aorta explants of the adult pig. Originally identified in mouse [83] and human hearts [84, 85] , MABs are committed to the cardiac lineage and differ from other stem/progenitor cells types because of marker expression, isolation method, and differentiation potency. They have been characterized for the expression of stemness markers and for the expression of early and late cardiac markers, endothelial markers and muscular markers. Pig MABS differentiate into mesodermal cell types, and can give rise to functional cardiomyocytes (ISSCR 2009).
Delivery methods
The aim of cell therapy is to reach the region of interest through the best way. Traditionally in heart cell therapy three ways have been adopted: arterial coronary administration, percutaneous endocardial or direct transmyocardial injection [86, 87] . Experimental data demonstrate that MSCs and progenitors cells can reach the diseased area through the intracoronary infusion even though high dose could obstruct the microcirculation with consequent embolic myocardial episodes. Endo-and epicardial routes seem to remain the best way to reach the target even if the epicardial cell administration remain more invasive and could be performed during open heart surgery [88] .
Conclusions
The development of an effective regenerative therapy of the heart is not likely to be achieved in the near future since clinical and animal studies show that true cardiac regeneration does involve more complex aspects than injecting the right type of cells in the right place [3] .
Large animal models have a well established role in cardiovascular research and the derivation of different types of cardiogenic stem cells in different species indicated that these models can certainly provide a substantial contribution to the development of cell therapies. Mesenchymal stem cells of different origin have proved to be readily available in these species and showed the same properties of their human counterpart. More limited, at present, are the data available on cardiac resident stem cells, but promising results are being achieved. On the contrary, the derivation of bona fide embryonic stem cells is still elusive in these species, making large animal models not available for this very promising cell type. However the recent derivation of iPS in pig [89, 90] may soon be able to overcome this limitation.
